Summary: A six-compartment, nine-parameter kinetic model of 2-deoxyglucose (2DG) metabolism, which in cludes bidirectional tissue transport, phosphorylation, two-step dephosphorylation, phosphoisomerization, and conjugation to UDP and macromolecules, has been de rived. Data for analysis were obtained from 540-and 1,000-j.Lm-thick hippocampal and hypothalamic brain slices, which were incubated in buffer containing [14C]2DG, frozen, extracted with perchlorate, and sepa rated on anion-exchange columns. Solutions of the equa tions of the model were fit to the data by means of non linear least-squares analysis. These studies suggest that dephosphorylation is adequately described by a single re action so that the model reduces to eight parameters. The in vitro rate constants for transport, phosphorylation, and Regional mapping of brain metabolism permits correlation of behavior and physiology with ana tomically localized glucose or O2 consumption. Measurements of glucose and O2 metabolism, by autoradiography or with positron emission tomog raphy, have provided important insights into a wide variety of normal and pathological conditions in hu mans and experimental models.
Regional mapping of brain metabolism permits correlation of behavior and physiology with ana tomically localized glucose or O2 consumption. Measurements of glucose and O2 metabolism, by autoradiography or with positron emission tomog raphy, have provided important insights into a wide variety of normal and pathological conditions in hu mans and experimental models.
Radiolabeled 2-deoxyglucose (2DG) has an ad vantage over glucose as a radio tracer because 2DG is not metabolized by the Embden-Meyerhof path way, so loss of radiolabel as CO2 does not occur. Calculation of in vivo glucose utilization based upon measurement of tissue radioactivity after in jection of 2DG is possible with the kinetic theory and procedures described by Sokoloff et ai . (1977) .
dephosphorylation are very similar to prior in vivo re sults. The phosphoisomerization rate constant is similar to dephosphorylation, so glycosylated macromolecules slowly accumulate and gradually assume larger relative importance as other compounds disappear more rapidly. Rate constants for 540-j.Lm slices from hypothalamus and hippocampus are similar, while 1,000-j.Lm slices have smaller tissue transport constants and larger phosphory lation constants. The rate equation for glucose utilization of this model is relatively insensitive to uncertainties re garding the rate constants. Including later metabolic com ponents in kinetic models improves the calculations of glucose utilization with long isotope exposures. Key Words: Brain slices-2-Deoxyglucose-Glucose utiliza tion-Ischemia-Kinetics.
Both the form of the rate equation for glucose uti lization and the incubation conditions suggested by these authors reduced the sensitivity of the calcu lations to uncertainties in the rate constants.
Subsequent experience with the 2DG method re vealed that the original three-parameter theory, which considered only tissue 2DG transport and hexokinase activity, was adequate for experiments lasting ",;45 min, but that there was demonstrable loss of radiotracer during longer experiments. As a result, the kinetic theory was modified by Phelps et ai . (1979) to include dephosphorylation of 2DG-6-phosphate (2DG6P). More recently, even longer experiments have revealed that there is radio label ing of glycogen after injection of 2DG, implying that 2DG6P isomerizes to 2DG IP and is then conjugated to UDP and macromolecules (Nelson et aI., 1984; Bass et aI ., 1987) . Since there is loss of product during experiments of long duration, knowledge of the kinetics of these later reactions may be impor tant for experiments that employ dual labeling or repeated injections of radiotracer. In addition, a more complete kinetic theory may lead to a formu-lation of the rate equation that is even less sensitive to duration of isotope exposure and the rate con stants than earlier equations.
Kinetic analysis of total tissue radioactivity alone , without knowledge of fractional concentra tions of 2DG, 2DG6P, and subsequent products, may lead to large errors in the rate constants and inaccurate rate calculations (Schmidt et aI ., 1989) . Measurement of the fractional metabolite concen trations in vivo is hampered, however, by difficul ties with in situ fixation (Passonneau et aI. , 1980) . Use of brain slices incubated with [ 1 4C]2DG in vitro circumvents these problems related to tissue ac cess. Kinetic analysis is facilitated by the large number of slices that can be studied, rapid tissue freezing, and the ability to deliver constant radio activity in the perfusing medium during tissue up take followed by total elimination of perifusate ra dioactivity for measurements of metabolite efflux (Newman et aI., 1988b) . In this article, we present a nine-parameter kinetic model of 2DG metabolism with determination of rate constants in 540-and 1,000-f.Lm thick hippocampal and hypothalamic brain slices. Prior studies have shown that 540-f.Lm is the ideal thickness for these slices in our incuba tion chamber, while 1 ,000-f.Lm slices have metabolic properties similar to those of ischemic tissue in vivo (Newman et aI., 1988a) .
KINETIC MODEL
Our kinetic model of 2DG metabolism is based upon the biochemistry of this glucose analogue. 2DG is transported across the blood-brain barrier, taken up by cells, and phosphorylated at the sixth carbon position in a manner entirely analogous to that of glucose. Although the missing oxygen at the second carbon of 2DG prevents the tracer from be ing further oxidized through the Embden-Meyerhof pathway , this does not prevent isomerization of the phosphate from the sixth to the first carbon position to form 2DGIP. Similarly, the absent oxygen does not prevent subsequent reactions of 2DGIP, which lead to formation of UDP-2DG, 2DG-glycogen, or 2DG-glycoproteins. Therefore , in our model, 2DG6P undergoes either dephosphorylation or isomerization to 2DG IP with subsequent formation of UDP-2DG and 2DG-glycosylated macromole cules. Inclusion of these latter compartments may be important for calculating glucose utilization rates, especially for experiments of long duration, since they are competitive with the phosphatase re action and achieve equilibrium very slowly.
Our kinetic model, presented diagrammatically in Fig. 1 constants. Brain slice uptake of 2DG from the peri fu sate (K 1 ) and efflux back to the perifusate (k 2 ) oc cur primarily by diffusion and cellular transport since slices have no blood-brain barrier. (The cap italization in KI denotes that KI is a transfer con stant operating on a concentration rather than a rate constant operating on a tissue amount.) Phosphory lation of intracellular 2DG occurs via the hexoki nase reaction (k 3 )' Although dephosphorylation of 2DG6P by glucose-6-phosphatase is often repre sented by a single rate constant (k 4 ) , there is evi dence that hexose phosphatases are sequestered within endoplasmic reticulum (ER) and that de phosphorylation of 2DG6P is a multistep process requiring translocation across membranes as well as enzymatic hydrolysis (Schmidt et aI ., 1989) . As suming undirectional flux for all steps, at least three rate constants would be required to completely de scribe the individual processes: (a) translocation of 2DG6P from cytosol to ER , (b) hydrolysis of 2DG6P to 2DG by glucose-6-phosphatase, and (c) translocation of 2DG from ER to cytosol. To reduce the mathematical complexity of this three-step pro cess, we assume that one of the two latter steps is fast compared with the other one and can be ne glected. If hydrolysis of 2DG6P is slower than transfer of 2DG from ER to cytosol, then 2DG6P should accumulate in ER , whereas if translocation of 2DG from ER to cytosol is slower than hydroly sis, then predominately 2DG should accumulate in ER. Therefore , as further discussed below, we in vestigate two separate cases that differ in that the calculated radioactivity of the ER compartment is assigned either to tissue 2DG or to tissue 2DG6P. Conversion of 2DG6P to 2DG IP and the reverse reaction occur via phosphoglucomutase, while 2DGIP and UTP react to form UDP-2DG by the action of UDP-glucose pyrophosphorylase. If it is assumed that interconversion of UDP-2DG and 2DGIP is much faster than that of 2DG6P and 2DGIP, then entry into this compartment may be represented by a single apparent rate constant, k5' and return to 2DG6P by k6. Similarly, synthesis of 2DG-Iabeled glycogen and glycoproteins from UDP-2DG and the reverse reactions will be approx imated as single-reaction steps and entry into the glycosylated macromolecular pool represented by the apparent rate constant k7' while the reverse re actions for return from the combined macromolec ular pool to UDP-2DG and 2DG IP are represented by the apparent rate constant ks. In the equations that follow, constants without an asterisk refer to glucose rates, while those with an asterisk refer to 2DG rates.
The differential equations for this model are as follows:
where C; is the concentration of 2DG in the peri fu sate, a: is the amount of tissue 2DG, a6 is the amount of tissue 2DG6P, a� is the amount of tissue 2DG IP and UDP-2DG, a; is the amount of tissue glycosylated macromolecules, and a6 is the amount of radiotracer (either 2DG or 2DG6P) in the ER. The above equations may be easily solved through the use of Laplace transformations. After algebraic manipulations, the eigenvalues of the sys tem (�) may be found as the ith roots of the equa tion 
Thus, for incubations of duration To and radioiso tope-free rinses of duration a, if C; = 1 for 0 < t < To and C; = 0 for To < t < To + a, then during uptake (t < To),
In all washout experiments reported in this article, To = 60 min.
Radioactivity was measured in four chemical fractions following tissue acid extraction: 2DG (a2DG) , 2DG6P (a2D G6P ), 2DG-glycogen (a g l y ) , and 2DG-glycoprotein (a p ro)' We correlate these four experimental fractions with the calculated kinetic compartments in two different cases, corresponding to the two possible phosphatase sequences dis cussed previously. Since we have assumed that conjugation and removal of 2DG to glycosylated macromolecules and glycogen can be represented by a single pair of rate constants, in both cases gly cogen and glycoproteins are combined as a single glycosylated macromolecular fraction, In Case 1 we assume that transport out of the ER is much faster than hydrolysis of 2DG6P so that k!a corresponds to transport of 2DG6P into ER and k!b is k!b(1) , the rate constant for the hydrolysis of 2DG6P. Case 1 is analogous to the model described by Schmidt et al. (1989) . With these assumptions, little 2DG will accumulate within the ER and a;; is assigned to the 2DG6P fraction so that a m G6P = a t; + a;;
Since 2DGIP and UDP-2DG are acid-labile , they will appear as 2DG after our perchloric acid extrac tion and a2DG = a: + a� For Case 2 we assume that hydrolysis of 2DG6P is very fast compared to transport of 2DG6P out of ER , so that k!a corresponds to transport of 2DG6P into ER as before but k!b is now k!b(2), the rate constant for transport of 2DG out of ER . With these assumptions, little 2DG6P will accumulate in ER and a;; is assigned to the 2DG fraction. Therefore , a 2DG = a: + a� + a;; and a 2DG6P = a t;
To calculate the net rate of glucose utilization in the tissue (R;), As originally suggested by Sokoloff et al . (1977) , the metabolism of 2DG is related to that of glucose through the equation
where LC refers to the lumped constant as origi nally defined by Sokoloff et al . Following the gen eral approach of Hutchins et al . (1984) , this may be rewritten as
where af is total tissue radioactivity: at = a: + at; + a� + a; + a;; .
If k!b is very large compared to k!a' the system may be represented by an eight-parameter model and an analogous set of equations can be written by representing dephosphorylation of 2DG6P by a sin gle rate constant, k:, and rewriting the differential equations (see Appendix). The glucose utilization rate may then be calculated by letting at equal a: + a t; + a� + a; :
The operational equation for this kinetic model can be obtained by substituting the experimental quantity ct for at, dividing numerator and denom inator by C;, and using the kinetic expressions for each at as above. For incubations of duration To and radioisotope-free rinses of duration d, with constant C; during 0 < t < To, and C; = 0 for To < t < To + d, the rate of glucose utilization (R;) can be calculated with the eight-parameter model using Eq . 8 as
where Ct is the total radioactivity in the tissue at time t divided by C;. In applying this equation for R;. the value of ct is determined experimentally by measuring total tissue radioactivity in nanocuries per gram and dividing by the bath radioactivity in nanocuries per milliliter to give ct as milliliters per gram. The values of E(i), B(i), M(i), G(i), and X-; are calculated using Eqs. A l through A4 in Appendix. This form of the rate equation is particularly useful since, for a single type of tissue studied with con stant C; during uptake, C; = 0 during rinse, and fixed To and d, all terms from the model can be considered together as a single constant and glucose utilization can be calculated by multiplying ct by this constant.
It should be noted, however, that the choice of terms used to mUltiply Eq. 6 to obtain Eq . 7 and 8 was entirely arbitrary. By using different combina tions of at in numerator and denominator, alterna tive rate equations may be obtained, including R; and scintillation cocktail from National Diagnostics (Manville, NJ, U.S.A.). The ion-exchange resins AG50W-X8, hydrogen form, and AGI-X8, formate form, were purchased from Bio-Rad (Richmond, CA, U.S.A.). OM 1 film for autoradiography was obtained from Kodak (Rochester, NY, U.S.A.), and thin-layer chromatography plates were Cellulose MN300F from Analtech (Newark, NJ, U.S.A.). All water was deionized and purified to a resistance of 17.5 M!l with a Barnstead Nanopure system (Boston, MA, U.S.A.).
Tissue preparation and incubations
Since our methods for tissue preparation, slice incuba tion, freezing, extraction, and chromatography have re cently been discussed in detail (Newman et aI., 1988b (Newman et aI., , 1989a , the present discussion focuses on differences from prior studies. All data for hypothalamic slices were the same as those used in our earlier study (Newman et aI., 1988b) . However, assignment of radioactivity to the three tissue fractions was modified to conform to the methods of the present work (see below). All hypotha lamic slice incubations were conducted in 10 mM glucose, while our hippocampal slices were incubated in 4 mM glucose since we wished to remain consistent with prior brain slice experiments in the fields of circadian research and hippocampal ischemia.
Male Sprague-Dawley rats weighing 175-225 g were caged unrestrained in groups of three at 22°C with free access to food and water. All animals were killed by de capitation. The brain was removed and cooled in ice-cold isolation buffer (see below) for 45 s. The hippocampus J Cereb Blood Flow Me tab. Vol. 10, No . 4, 1990 was removed, sliced at 540 or 1,000 ILm on a Sorvall Smith-Farquhar tissue chopper, and transferred to cold isolation buffer gassed with 95% 02/5% CO2 at 4°C for separation of slices under a dissecting microscope. Tissue from septal and temporal poles was avoided to maintain maximum tissue homogeneity. Hippocampal slice isola tion requires an average of -7 min. Our chamber design, slice transfer methods, and incubation procedures were also discussed in complete detail. The buffer for all pre incubations, isotope incubations, and rinses was Krebs Ringer at 37°C with concentrations as follows (mM): NaCI 129; MgS0 4 , 1.3; NaHC03, 22.4; KH2P0 4 , 1.2; KCl, 3.0; glucose, 4.0; and CaCI2, 1.5; with an atmo sphere of prehumidified 95% 02/5% CO2, The pH was 7.37 ± 0.005, osmolarity was 299 ± 2 mOsmol for hip pocampal slices or 305 ± 2 mOsmol for hypothalamic slices (Wescor, Logan, UT, U.S.A.), and P02 was 715 mm Hg (Beckman, Fullerton, CA, U.S.A.). Isolation buffer was the same as incubation buffer except that NaCI was 122 mM, KCl was 4.2 roM, and KH2P0 4 was re placed by 8 mM sodium phosphate buffer at pH 7.37. Phosphate buffer was used during isolation because bi carbonate buffers are excessively temperature depen dent. Slices were preincubated for at least 75 min prior to isotope exposure. Isotope incubations were carried out in our usual Krebs-Ringer with 0.28 ILCi/ml of [14C]2DG at 37°C in a second chamber arranged to recirculate 14 ml of buffer at 4.4 mllmin with continuous bubbling of humid ified 95% 02/5% CO2 through the buffer as it entered the chamber. To initiate an incubation, the slices, held be tween the two meshes, were removed from the preincu bation chamber and drained briefly; 1 ml of the isotope buffer was pipetted over the slices, which were then placed in the incubation chamber within 10 s of removal from the first chamber. In this manner, a square-wave pulse of radioactivity was delivered to the slices. For in flux studies, slices were incubated for 3-150 min, rinsed in 7 ml of well-gassed Krebs-Ringer at 37°C for 5 s, and then quickly wrapped in Teflon tape and freeze clamped in liquid N2. Time from final rinse to freezing averaged -7 s. For washout studies, slices were incubated in iso tope for 60 min, rinsed with 20 ml of warm, gassed pre incubation buffer, returned to the original preincubation chamber for 0-300 min, and frozen as above. Incubation buffer radioactivity was measured in 50-ILl samples taken just before and after each incubation. Autoradiographs were prepared as previously described (Newman et aI., 1989a) from slices incubated in the presence of [14C]2DG for 45 min and rinsed for 30 min.
Tissue extraction
The frozen tissue slice was trimmed of all macroscopic white matter on a metal plate cooled to about -50°C with liquid N2, placed in an ice-cold glass microhomogenizer, and homogenized to a slurry in 3 aliquots of ice-cold 0.6 M perchloric acid totaling 200 ILl. The homogenate was microfuged at 15,000 g for 15 min to yield the protein pellet. The supernatant was mixed with 3 ILl of methyl orange, brought to pH 9-10 with 48 ILl of 3 M KOH, and then allowed to precipitate while sitting on ice for 15 min. The perchlorate pellet was obtained by recentrifugation as above. The supernatant was loaded onto columns pre pared in I-ml syringes filled with 0.6 ml of AGI-X8 anion exchange resin equilibrated in a solution of NaOH at pH II.
[14C]2DG was eluted with 2.4 ml of NaOH at pH IO-ll and [14C]2DG6P with 2.1 ml of 1M NaCI at pH 1.2.
Precolumn samples and elution fractions were analyzed by thin-layer chromatography (Savaki et aI., 1980) , visu alized with KMn0 4
, and scraped in zones for scintillation counting. The purity of Amersham's [14C]2DG was checked similarly. The protein pellet was solubilized in 500 f.ll of 1 M NaOH, the tube was sealed and placed in the oven at 60°C for 1-2 h, and then the solution was neutralized with 500 f.ll of 1 M HCI. The perchlorate pellet was solubilized in 500 f.ll of 1 M HCI. Radioactivity for the two column fractions (a2DG and a2DG6P) , protein pellet (apro), and perchlorate pellet (a g 1 y ) was counted in a Pack ard Tri-Carb scintillation counter for 10 min and normal ized for sample protein content (Lowry et al., 1951) and perifusate radioactivity. Perifusate radioactivity was taken as the average of pre-and postincubation measure ments, since radioactivity declined by only 2-3% during the incubations. For determination of the volume of dis tribution for glucose, the tissue was extracted in the same manner but titrated with 43 f.ll of 3 M KOH and chro matographed as previously described (Savaki et aI., 1980; Newman et aI., 1988b) . The cation-exchange column con sisted of 0.6 ml of AG50W-X8, hydrogen form, and the anion-exchange column had a 3.6-ml resin bed of AG 1-X8, formate form. Glucose was eluted from the first col umn with 600 f.ll of water and from the second column with 3.6 ml of water.
Mathematical analysis
There are six data sets available for kinetic analysis of each slice thickness, three fractions for uptake during iso tope incubation, and three for the washout during iso tope-free rinse. The first fraction results from the 2DG column elution at basic pH. This fraction consists of ac tual tissue 2DG as well as all acid-labile compounds de graded to 2DG by the perchloric acid extraction proce dure. Compounds of 2DG that are phosphorylated at the Cl position, such as 2DGIP and UDP-2DG, are ex tremely sensitive to even mildly acidic conditions in the cold (Keppler, 1985) . The second fraction results from the column acid elution and consists primarily of tissue 2DG6P and any acid-stable anionic compounds of 2DG that may be present in trace amounts. The third fraction is derived from the radioactivity in the protein and per chloric acid pellets and therefore includes macromole cules such as glycogen and glycoprotein that were labeled with 2DG during the incubation. The correlation of mea sured quantities and calculated kinetic compartments was discussed above.
A value equivalent to the volume of distribution at each time point was calculated for each tissue fraction by de termining the total radioactivity in the fraction, dividing by the slice protein content and perifusate radioactivity, and multiplying by 84 mg protein/g tissue as previously determined (Newman et aI., 1988b) . Because of the small sample size and number of counts in the protein and per chloric acid pellets, it was not possible to wash these pellets by repeated centrifugations. As a result, the raw counts for these fractions contain radioactivity from sol uble neutral and phosphorylated 2DG compounds trapped with the pellets. To correct for this, we have subtracted a constant proportion of total soluble fraction counts from the protein and perchlorate pellets prior to kinetic analysis. To fix this constant proportion to be sub tracted for each tissue and slice thickness, we assumed that no radioactivity enters glycogen or glycoproteins during the first 5 min of an uptake incubation and therefore assigned all pellet radioactivity at times <5 min to residual soluble counts. Although we have not directly tested this assumption, it results in an estimate of 2.7% of tissue 2DG in the glycogen fraction after 45 min of incu bation, which is very similar to the estimated 2% found after 45 min in vivo (Nelson et aI., 1984) . We then calcu lated an apparent volume of supernatant that remains with the pellets and used this apparent volume to calcu late residual soluble radioactivity in the pellets for subse quent times using the total soluble counts for that time. The apparent residual volume is -5 f.ll for each of the four combinations of brain region and slice thickness. The subtracted radioactivity estimated to be in the 5 f.ll was added to the basic and acidic column fractions in propor tion to the number of raw column counts in each fraction. In all cases, this correction was <7% of the total column counts.
We have analyzed our data using the eight-and nine constant models discussed in Kinetic Model. For each model, we have analyzed the uptake and washout data simultaneously using standard nonlinear least-squares procedure by minimization of the sum of the squares. The program allows solutions involving complex as well as real roots. The Simplex method was chosen to permit application of various constraints on the fitting procedure when desired. Local minima were excluded by choosing at least three different initial estimates. Since visual in spection of the data suggested no systematic variation among rats (Newman et aI., 1988b) , all numerical analy ses were performed on pooled data sets (see Fig. 3 ). Al ternative models were compared by inspection of the graph, sum of the squares, and standard errors of the constants. All analyses were conducted on Intel 80386 based computers with 80387 math coprocessors. The quintic equation that is required by the nine-parameter model is solved by numerical iteration (Press et aI., 1986) , while the quartic equation of the eight-parameter model is solved by standard analytical methods (Ferrari, cited in Dickson, 1939) .
The lumped constant,
is a combination of three terms: <1>, which is a function that varies from 0 to 1 inversely with glucose-6-phospha tase activity and is the ratio of the differences between the rates of phosphorylation and dephosphorylation of glucose (not 2DG) to its rate of phosphorylation; A, which is the ratio of Vd' to Vd, the volumes of distribution for 2DG and glucose; and V:i" K:i" V rn' and Krn, which are the hexokinase Michaelis-Menten constants for 2DG and glucose, respectively. Given the small rate of glucose-6-phosphatase activity and the small amount of glucose-6-phosphate that accumulates in brain, <I> may be set to 1 (Hawkins et aI., 198 1) . The ratio V:i,KrnIVrnK:i, has been measured in vitro as 0.33 (Hers and DeDuve, 1950 
3-0-Methylglucose measurements
Hippocampal slices were prepared and pre incubated for at least 75 min as above. They were then incubated in the presence of 0.28 fJ,Ci/ml of [14C]3-0-methylglucose for 60 min and briefly rinsed, transferred back to the isotope free preincubation chamber, and rinsed as above for 0-120 min. Slices were then frozen, homogenized, extracted with perchloric acid as above, and whole-slice radioac tivity determined by scintillation counting. Radioactivity was normalized for protein content and perifusate radio activity. The volume of distribution was calculated for each time point after converting the measured slice pro tein to grams wet weight as above. The 3-0-methylglu cose efflux curves were then analyzed by nonlinear least squares analysis using one-, two-, and three-exponential equations. The analyses were compared visually and by inspection of the sum of the squares and standard errors.
Testing of glucose utilization equations
To test the effects of duration of incubation and rinse on calculated glucose utilization for Eqs. 9 through 11, we measured total tissue radioactivity (en for a separate set of 540-fJ,m hippocampal slices that were prepared and ex tracted as discussed above. We then calculated glucose utilization using each of the three equations and plotted the calculated values for comparison. Slices were either incubated for varying times and then rinsed briefly as for kinetic uptake experiments or exposed to isotope for 60 min and then rinsed for varying times as for kinetic wash out experiments.
The sensitivities of Eqs. 9 through II to errors in the rate constants were tested using 540-and 1,000-fJ,m hip pocampal slice constants. The rate constants were varied by either 1% or I SE of the constant as determined by the nonlinear least-squares analysis. For each constant, we calculated glucose utilization with the modified constant (Ratem) and the unmodified constant (Rateu) and obtained the percentage error as: Error% = 100 * (1 -Rate) Ratem). Error percentage was calculated every minute or c less for uptake and washout times of 0. 1-150 min. Equa tions 9-11 were compared by summing the absolute val ues of the percentage error for all rate constants Kj through k� and plotting the results against time. Washouts of 0.1-300 min were studied after simulated uptakes of 30, 45, and 60 min.
RESULTS
Autoradiograms of hippocampal slices incubated in the presence of e4C]2DG for 45 min and rinsed for 30 min reveal relatively uniform radioactivity in 540-/-Lm slices, while the pattern in 1,0OO-/-Lm slices demonstrates increased radioactivity in the stratum radiatum of CAl and CA3 areas (Fig. 2) . Previous studies have shown that the increased radioactivity in stratum radiatum is present at the slice surfaces as well as in the slice interior and that calculated glucose utilization in I,OOO-/-Lm slices is relatively stable for up to 5 h in vitro (Newman et al ., 1989a) . Autoradiograms of hypothalamic slices prepared in the same manner show uniform radioactivity except for the small suprachiasmatic nucleus, which is very active metabolically, and the para ventricular nucleus, which is distinguishable from background. These same structures show increased radioactivity in thicker slices.
Comparison of the best least-squares fit of all four data sets (540-and 1,000-/-Lm hippocampal and hy pothalamic slices) showed no consistent difference in the sum of the squares whether radiotracer in ER was assigned as either 2DG or 2DG6P. In all cases k4b tended to be at least four orders of magnitude greater than k4a and using k4a and k4b instead of the single constant k4 did not improve the fit of the model to the data. Thus, the data are fit best by an eight-parameter model, and this model, with only kt to describe the phosphatase reaction, was used to find the estimates and standard errors of the param eters using the best fit constants obtained with the nine-parameter model to initialize the fitting proce dure . No constraints were placed on the rate con stants for three of the least-squares fitting proce dures. However, the best fit for the 1,000-j..L m hip pocampal slice with no constraints repeatedly produced results with Ki and ki infinitely large for all kinetic models tested. No apparent reason was fo und for this anomalous behavior. The 1,000-j..L m hippocampal data set is the largest of the four and the data are uniformly distributed over time. Pre liminary one-compartment analysis of the initial 2DG efflux data suggested that ki should be <0. 2 min -I. To avoid these undesirable infinities, we placed a constraint on the rate constants. We deter mined the value of the ratio Kilki for e4C]-3-0-methylglucose in the 1,000-j..L m hippocampal slice and used that ratio , 0.752, to constrain Ki and ki for the 2DG data. This manipulation served to avoid the previous infinite results for Ki and ki. two thick slices even though no constraint was placed on the 1,000-j..L m hypothalamic slice fitting procedure. The data from uptake and washout experiments with the best fit curves obtained with the eight parameter model for both 540-and 1,000-j..L m hip pocampal slices are shown in Fig. 3 . The curves for the hypothalamic slices are very similar. It is appar ent that the predictions of the eight-parameter model for a2DG' a 2DG6P ' and (a g l y + a p ro) fit the data very well with the exception of the early values of 2DG6P during uptake and the late values of 2DG6P during rinse, which are slightly underestimated by the model. The predictions of the model for the four compartments a:, a6, a�, and a; are shown in Fig.   4 for both uptake and washout. The primary differ ence between these curves and those of Fig. 3 is that a2DG is now separated into two fractions: a:, the nonmetabolized tissue 2DG, and a�, acid-labile compounds such as 2DGIP and UDP-2DG. The model predicts a steady level of tissue 2DG between 10 and 150 min for uptake curves and a very rapid disappearance of most of the 2DG during rinse. The rate of accumulation of 2DG6P during incubation is initially rapid and then gradually slows. In addition, 2DG IP and UDP-2DG begin to accumulate after 20 min of incubation and parallel the accumulation of labeled glycogen and glycoprotein. Both the acid labile compounds and the labeled macromolecules continue to increase during the first hour of tissue rinsing while 2DG6P is high and then persist even after long rinse times. Since 2DG declines rapidly and 2DG6P gradually disappears, 2DGIP, UDP-2DG, and labeled macromolecules slowly increase in their relative proportion of total tissue radioac tivity during long rinses. The rate constants and standard errors for both hippocampal and hypothalamic slices are given in Table I . The values of the 540-J.Lm hippocampal and hypothalamic slice rate constants Ki through kj are similar to results previously reported for those tis- Values are means ± SE. Units: Kj, mllg/min; ki-k�, min-I ; Vj and Vd, mllg; x. and LC, dimensionless; rate, fLmolllOO g/min. The value of n refers to the combined number of slices for both uptake and washout that were used for curve fitting.
sues in rats in vivo (Sokoloff et al ., 1977) . The value of kj for the hypothalamic slice is strongly influ enced by the 10 mM glucose in which that slice is incubated. The values of kt are also within the range of values for kt recently reported in rat using fo ur-and five-parameter models with fitting of ct data (Schmidt et al., 1989) . Given this good corre lation between the values of the rate constants ob tained in vitro with the corresponding values ob tained in vivo, it is interesting to note that the eight parameter model predicts that kf, the rate of the phosphoglucomutase reaction, is nearly equal in magnitude to that of kt, the rate of dephosphoryla tion of 2DG6P. Although kt, the rate of the reverse isomerization, is considerably larger than kf, the value of k:j for entry into the macromolecular pool is similar to kt. These values reflect the observed accumulation of labeled macromolecules found in the slices and are consistent quantitatively with ob servations previously made in vivo (Nelson et al ., 1984; Bass et al., 1987) .
A Data and predicted fits of the data for the 1,000-f,Lm hippocampal slice are also shown in Fig.  3 . Once again the model accurately predicts the data except for early accumulation and late disap pearance of 2DG6P. The results for the predicted 1,000-f,Lm slice metabolic compartments, shown in Fig. 4 , differ from those of the 540-f,Lm hippocampal slice in several ways. Significantly less 2DG and much larger amounts of 2DG6P accumulate during incubations (note different scale for ordinate) . In addition, 2DG is seen to persist even after long rinse times, presumably owing to the action of phos phatase on the large amount of 2DG6P that accu mulates. These differences are reflected in the rate constants in Table 1 540-f,Lm hippocampal slice and kj is much larger. Interestingly , despite this, there is little or no change in the values of kt through k�. The values of Kt, k:'J., kt for the 1,000-f,Lm hypothalamic slice are very similar to those of the thick hippocampal slice, and again, kj differs primarily because the hypotha lamic slices are incubated in 10 instead of 4 mM glucose. Since the data sets for the thick hypotha lamic slice are much smaller than those for the other tissues and were run over shorter times, the stan dard errors of the rate constants kf through k� are too large to allow meaningful interpretation of the results.
The calculated values of the volumes of distribu tion of 2DG and glucose in the slice (Vd' and Vd), their ratio (�) , and the lumped constant (LC) are also shown in Table 1 . Both Vd' and Vd are larger in the 540-f,Lm slices than in vivo and both decrease markedly in the 1,000-f,Lm slices. Their ratio re mains very close to 1 in all slices so that the calcu lated values of LC are consistently near 0.33, the expected limit of the ratio of the Michaelis-Menten constants for 2DG and glucose (Hers and DeDuve, 1950) . Finally, the rates of glucose utilization, cal culated using Eq . 6 and the rate constants Kt -kj obtained with best fits using the eight-parameter model, are also given in Table 1 . Rates of 1,000-f,Lm slices are �50% higher than those for 540-f,Lm slices, while rates for the hypothalamic slices are �25% higher than those of the corresponding hip pocampal slices. The efflux curves of e4C]3-0-methylglucose from 540-and 1 ,000-f,Lm hippocampal slices are shown in Fig. 5 . Nonlinear least-squares analysis revealed that using a two-exponential equation produced considerable improvement in the sum of the squares over a single-exponential equation, but a three- Fig. 4 . Comparison of the 2DG and 3-0-methylglucose curves for the two tissue types reveals that 2DG decays more rapidly initially but persists at higher levels at long efflux times, reflecting removal of 2DG by hexokinase in the early portion of the curve and the later generation of 2DG by dephosphorylation of the persisting 2DG6P.
The effects of duration of e4C]2DG incubation and rinse upon calculated rates of glucose utiliza tion were determined for Eqs. 9-11 using C't of 540-J.Lm hippocampal slices incubated specifically for this purpose. The results are shown in Fig. 6 . It is apparent that Eq. 9 provides the most consistent values of glucose utilization as a fu nction of either incubation or rinse time. The uptake data reveal that Eq. 10 yields similar results to those of Eq. 9 except at time points before 20 min when there are wide underestimates and then overestimates of glu cose utilization. The washout data reveal that wide deviations in calculated glucose utilization are seen with Eq. 11 during the first 75 min of rinse, while Eq. 10 is essentially the same as Eq. 9. Taken to gether, however, these results clearly indicate su perior stability of Eq. 9 as duration of incubation or rinse is varied. The regression lines shown in Fig. 6 were obtained by linear least-squares analysis of glucose utilization values calculated with Eq. 9 and have intercepts of 40.1 ± 5.2 (uptake) and 38.9 ± 9.5 (washout). The significance of the respective 
Time of Incubation (min)
slopes of -0.0407 ± 0.0275 and -0.0569 ± 0.0552 were estimated by using the ratio of slope to stan dard error of the slope as the t statistic. In both cases p > 0.1. The percentage errors in calculated glucose utili zation using Eqs. 9 through 11 for summed absolute values of the errors for the eight 540-J.Lm hippocam pal rate constants, modified by 1 SE, are shown in Fig. 7 . It is clear that Eq. 9 is subject to much less variation due to errors in the rate constants than Eq. 10 or 11 during uptake experiments. Although Eqs. 9 and 10 produce similar errors during wash outs, Eq. 9 is more stable at early incubation times. Equation 9 is similarly superior when errors of 1 % are introduced. Part of the superior stability of Eq. 9 is due to the fact that errors in Kj are mathemat ically eliminated with this form of the rate equation (Hutchins et aI ., 1984) . Similar effects were ob served with 1,000-J.Lm hippocampal slice rate con stants and for washouts after 30-, 45-, or 60-min uptake periods. Absolute minima for Eq. 9 were fo und, using summed absolute errors, for uptake at 46 and 10.5 min of washout. The sum of the abso lute errors, with the rate constants modified by 1 SE, for glucose utilization calculated using Eq. 9 for 540-J.Lm hippocampal slices incubated for 45 min and rinsed for 10 min is 3.6%. For comparison, the sum of the errors for similarly modified constants Kj through kj , using Eq. 6, is 27 .8%. The sensitiv ity to 1% errors of kf through k;f for Eq. 9 is shown in Fig. 8 . The largest error at short and moderate uptake times is seen with kj , while kf effects are greatest during short uptake times and k;f effects during longer times. All three constants contribute equally at early washout times, while errors in k;f predominate at longer washout times. Errors due to 1% changes in k'5 through kt were always <0.05% Time of Rinse (min) FIG. 6 . Effect of duration on calculated glucose util ization using Eqs. 9 (e), 10 (6), and 11 (0) with data from uptake (A) and washout (8) types of experiments with 540-f.Lm hippocampal slices. Times for washout refer to duration of rinse after a GO-min isotope incubation. Solid lines represent best linear least-squares fit of data using Eq. 9.
A U pta ke Time (min) Percentage errors in calculated glucose utilization using Eqs. 9 (-), 10 (0_0_), and 11 (----) for summed absolute values of the errors when each of the eight 540-f-Lm hippocampal rate constants is modified by 1 SE during uptake (A) or washout (8) (see Results). Inset shows summed errors for Eq. 9 on expanded scale.
during 150 min of uptake. Errors during washout due to k; were initially 0.05% and then increased similarly to kj , while errors due to kt were small and increased as shown for ki . The errors due to kj or kl during 150 min of washout were <0.08%. two important problems. First, the derived rate equation permitted interpretation of tissue 2DG me tabolism in terms of glucose utilization. Second, the fo rmulation of the rate equation reduced the influ ence of variations in the rate constants on calcu lated glucose utilization. Since the rate constants are likely to change under differing physiological, pathological, and pharmacological conditions, min imizing the effects of these changes can be critical for comparing experimental results obtained under different conditions. While the original three parameter model is accurate for experiments of ,,;;; 45 min, subsequent studies demonstrated the need to consider loss of tissue radioactivity due to dephos phorylation of 2DG6P for longer experiments (Phelps et al. , 1979) . Further refinement of the ki netic model to five parameters has recently been discussed (Schmidt et al. , 1989) . Considerable evi dence suggests, however, that glycogen and glyco proteins are labeled with 2DG following injection of animals with radiotracer (Nelson et aI. , 1984; Bass et al. , 1987) . Since glycosylation of macromolecules occurs via UDP-conjugated sugars, these results strongly imply that 2DG metabolism continues be yond 2DG6P with isomerization to 2DG IP and con jugation to form UDP-2DG. No prior kinetic theory has considered these later reactions in the 2DG pathway, largely because of the difficulty inherent in obtaining in vivo tissue samples that preserve the in situ 2DG metabolite profile (Passonneau et al. , 1980 ) and the fact that estimating rate constants for kinetic models based upon total tissue radioactivity alone can be unreliable (Schmidt et aI. , 1989 ).
The kinetic model introduced in this article is based upon a more complete description of 2DG metabolism that includes 2DGIP, UDP-2DG, and glycosylated marcomolecules. Our goal has been to find a form of the rate equation for glucose utiliza tion that is insensitive to duration of isotope incu bation as well as to errors in knowledge of the rate constants. Because a complete biochemical de scription would lead to a kinetic theory that is math ematically intractable, several simplifying assump tions have been made: (a) that tissue uptake and efflux of 2DG can each be described by a single rate constant, (b) that dephosphorylation occurs by a series of three unidirectional steps, (c) that inter conversion of 2DG IP and UDP-2DG is sufficiently fa st to be neglected so that 2DG IP and UDP-2DG can be represented by a single compartment, and (d) that conjugation of 2DG to proteins, lipids, and glycogen can be treated with a single pair of rate constants. In addition, as with prior in vivo analy ses, tissue microheterogeneity is neglected. By fractionating 2DG metabolites after rapid freezing of brain slices incubated in the presence of e4C]2DG, it has been possible to obtain sufficient data to test the predictions of various kinetic mod els and estimates of the rate constants with reason ably small standard errors for eight or even nine kinetic parameters. Despite the potential introduc tion of artifacts by use of brain slices discussed be low, the results provide a detailed view of 2DG me tabolism that is compatible with results of prior in vivo experiments and suggest a form of the rate equation for glucose utilization that is insensitive both to errors in the rate constants and to duration of isotope exposure. The present kinetic model re places our earlier model (Newman et aI ., 1988b) , which employed an ad hoc assumption of a second parallel compartment for 2DG. In that earlier anal ysis, acid-labile phosphorylated compounds were considered as tissue 2DG so that apparent tissue 2DG remained elevated even after long washouts, leading us to postulate a "slowly equilibrating 2DG pool" and providing the impetus for the present ex periments and analysis.
Both biochemical and kinetic data (Arion et aI ., 1980; Fishman and Karnovsky, 1986; Schmidt et aI ., 1989) suggest that dephosphorylation of glu cose-6-phosphate occurs in ER and that transport into the organelle is rate limiting. Therefore , a nine parameter kinetic model was 'devised with dephos phorylation represented by alternative two-step re actions leading to accumulation of either 2DG6P or 2DG in the organellar compartment. In both tissues at both thicknesses, the best fit was obtained with klb at least four orders of magnitude larger than kla.
There are two implications of this result. The first is that, subject to the assumptions of our model, it appears that transport into ER is the rate-limiting step in dephosphorylation of 2DG6P with both ester J Cereb Blood Flow Me tab, Vol. 10, No . 4, 1990 hydrolysis and transport out of the organelle being much faster processes as suggested in the above references. Second, the very large value of klb means that dephosphorylation may be represented just as well by a single rate constant, kl , as by kla and klb so that the model effectively reduces to a five-compartment, eight-parameter model, which was then used for all subsequent analyses.
Including the later reactions of 2DG beyond 2DG6P through conjugation to macromolecules ef fectively slows the effiux of radiotracer from tissue.
In all tissues studied, k'; is similar in magnitude to kl and kj is similar to k� . Therefore , the phospho glucoisomerase and subsequent reactions compete with dephosphorylation of 2DG6P, leading to more stable tissue radioactivity with slower effiux than is predicted by models that do not include the later reactions. The slower loss of radioactivity is partic ularly important for experiments of long duration.
The lumped constant (LC) has been calculated for this study by assuming that the ratio of the Michae lis-Menten constants for 2DG and glucose remains constant and that <I> = 1, so that determining A, the ratio of volumes of distribution for 2DG and glu cose, leads directly to a value for LC. For both tissues and slice thicknesses, we find that LC ap proaches 0.33, the ratio of the Michaelis-Menten constants, since A is -1. This result is very conve nient for our studies of ischemia in brain slices be cause it eliminates a potential source of variability found in vivo. Since LC changes in vivo primarily under conditions of severely limited substrate (Crane et aI ., 1981; Gj edde, 1982; Mori et aI., 1989) , the result implies that either the supply of glucose is not severely depleted in the 1,000-flm slice incu bated in 4 mM glucose or that the blood-brain bar rier is necessary to observe this effect.
Brain slices differ from in vivo neural tissue in several ways. The absences of blood flow and blood-brain barrier have been mentioned. In the absence of hexose transport across the blood-brain barrier in slices, Kj and ki cannot be due to capil lary transport and probably reflect primarily dif fu sion (Lund-Andersen and Kj eldsen, 1977) . A second difference is that regional afferents are dis rupted during isolation. Loss of stimulatory path ways probably explains the relatively uniform glu cose utilization observed in the 540-flm slice. We have also observed indirect evidence for lost inhib itory inputs in hypothalamic slices containing the suprachiasmatic nucleus (Newman et aI., 1989b) . Of great importance is the fact that decapitation, which produces global ischemia, is necessary for slice isolation. The effects of transient global isch emia during brain slice isolation are incompletely known but are undoubtedly complex. It is known, for instance, that tissue ATP and total tissue ade nylates are reduced by up to 40% during brain slice isolation despite the return of the adenylate energy charge to normal within an hour of slice isolation (Whittingham et aI ., 1984) and that the arachidonic acid cascade is initiated during the first minute after decapitation (Yasuda et aI., 1985) . We have at tempted to address these issues with glucose utili zation and histology. We have shown that thick hip pocampal slices exhibit little change in glucose uti lization for up to 5 h in vitro (Newman et al ., 1989a) and hypothalamic slices show virtually no decline after 16 h in our chambers (Newman et aI., 1988b) . Histologic evidence of hippocampal slice deteriora tion is minimal at 2 h, is still mild by 6 h, but is severe by 24 h in vitro (unpublished data) . Thus, slice metabolism appears to be relatively stable dur ing the time course of these experiments despite the presumed ischemic insult that produces tissue in jury within 24 h of slice isolation. It is interesting that, despite these differences between in vivo and in vitro tissues, the numerical values of Kj and kj for 540-!.Lm hippocampal and hypothalamic slices are very similar to estimates of the equivalent in vivo constants and predict steady-state levels of 2DG within 15 min of onset of incubation as is found for rats in vivo (Sokoloff et aI ., 1977) . Similarly , both kj and k.t in 540-!.Lm slices are in the same range as the in vivo constants for rat (Schmidt et al ., 1989) . These constants retain the same significance in vitro as in vivo, with kj as the rate constant for hexokinase activity and k.t as the constant for de phosphorylation of 2DG6P. Although no in vivo es timates are available for comparison of rate con stants kt through kt" the values measured in vitro lead to predictions that are in quantitative agree ment with measurements of radiolabeled glycogen after administration of [14C]2DG (Nelson et aI ., 1984; Bass et aI., 1987) . In summary, despite the difference of interpretation in Kj and kj and the preexisting ischemic insult, the kinetic analyses of brain slice 2DG metabolism are consistent with available in vivo results and extend those results in a single coherent theory that may be applicable in vivo as well. Thick brain slices are useful as an in vitro model of ischemia because the long diffusional distances lead to reduced clearance of tissue metabolites as well as impaired delivery of O2 and glucose. As a result, slice glucose utilization, tissue lactate , and cellular water increase and perikarya and mitochon dria change morphologically (Newman et aI ., 1988a (Newman et aI ., , 1989a . Extracellular K + also rises in thick slices (Lipinski and Bingmann, 1986) . Although the rate constants of 540-!.Lm hippocampal slices incu bated in 4 mM glucose and 540-!.Lm hypothalamic slices incubated in 10 mM glucose differ very little, in both tissues Kj and kj decrease while kj in creases dramatically when thickness is increased to 1,000 !.Lm. The increased kj and demonstrated lac tate accumulation indicate increased anaerobic gly colysis in the thicker slices. The lower rate con stants for 2DG transport probably reflect primarily the longer diffusional distances in the thick slice. However, anion-exchange separation of 2DG and 2DG6P from cryostat sections throughout the ex tent of 1,000-!.Lm hypothalamic slices reveals that tissue 2DG is reduced adjacent to the surface of the slice as well as in the interior (Newman et aI., 1988a) , suggesting that reduced cellular uptake also contributes to the reduced transport observed in these kinetic studies. The later rate constants, k.t through kt" change very little in the thick slices, suggesting that the processes represented by these constants are relatively unresponsive to the meta bolic state of the tissue. This conclusion should be viewed somewhat cautiously, however, since the standard errors of these constants are compara tively large .
The radiotracer ['4C]3-0-methylglucose is a use ful glucose analogue with even simpler metabolism than 2DG. Assuming that phosphorylation is absent or sufficiently slow to be neglected, the volume of distribution for 3-0-methylglucose equals Kj/kj. At steady-state glucose concentrations, in the absence of hexose transport across the blood-brain barrier, this ratio for 3-0-methylglucose should equal that of 2DG. This is also true in vivo, although for different reasons (Gjedde, 1982) . Direct comparison with the 540-!.Lm hippocampal slice results confirms that the ratios for the two radiotracers are , in fact, equal. In the I,OOO-!.Lm slice, this comparison was not possi ble because the observed ratio for 3-0-methylglu cose was used as a constraint in the 2DG curve fitting procedure. Use of this constraint resulted in values of Kj and kj for the 1,000-!.Lm hippocampal slices that were very similar to those in the thick hypothalamic slice. Interestingly, two exponentials were required to fit our 3-0-methylglucose efflux data adequately, consistent with previous observa tions in brain slices (Lund-Andersen and Kj eldsen, 1976) . Although it is often assumed that 3-O-methylglucose decays as a monoexponential curve in vivo, recent studies in humans directly in vestigating this assumption demonstrate that two exponentials are actually required (Vyska et aI ., 1985 ; Brooks et aI., 1986) . Although the nature of the compartments is unknown, whether they repre sent serial or parallel transport or metabolism of 3-0-methylglucose in the tissue, the fact that the same result is found in brain slices and in vivo im plies that blood-brain barrier properties alone can not account for both processes.
Even after a kinetic theory has been chosen, sev eral possible expressions of the rate equation can be formulated. We have attempted to compare several of the possible forms of the equation for the eight parameter model by investigating the sensitivity of the equation to errors in the rate constants and by studying the effects of duration of isotope exposure and rinse upon calculated rate . All three equations that we tested are based upon modifications of the original rate equation (Sokoloff et al., 1977) . The original equation for the three-parameter model can easily be interpreted in terms of experimental quan tities, but even a four-parameter rate equation tends to lose these physical correlates. Casting the rate equation in a more general form as advanced by Hutchins et al . (1984) makes clear the arbitrary choice of terms placed in the numerator and denom inator and leads to equations such as Eqs. 9, 10, and 11 in this article . Aside from the obvious conve nience of Eq. 9 for calculations, the issue is to de cide which form of the rate equation minimizes cal culational errors due to experimental parameters and variations in the rate constants due to physio logical or pathological phenomena. We have pre sented the temporal sensitivity analysis using summed absolute values of the errors that arise when 1 SE is added to each of the eight rate con stants. However, the same conclusion is reached by adding 1 % of the rate constant instead of 1 SE or by summing the actual values rather than the absolute values. All of these error analyses clearly indicate that Eq. 9 produces the least error in calculated rate at virtually all times of uptake or washout. The sen sitivity curves for 1 % errors of ki, kj , and kt in the eight-parameter model are very similar to the anal ogous curves of Hutchins et aI . (1984) .
Equations 9-1 1 were also compared with 540-fLm hippocampal slices incubated and rinsed for varying periods of time in independent experiments. Glu cose utilization was calculated with each of the equations and then plotted against time of incuba tion or rinse (Fig. 6) . As with the computed sensi tivity, Eq. 9 produced significantly less variation in calculated rates with time. In particular, Eq. 10 pro duced intolerably large errors at time points before 15 min, while Eq. 11 was unreliable throughout the rinse period. As a result, it appears that use of Eq. 9 may permit determination of glucose utilization with much shorter isotope exposures than are cur rently employed. The slopes and standard errors of the slopes for Eq. 9, shown in Fig. 6 , reveal that J Cereb Blood Flow Metab. Vol. 10. No . 4. 1990 calculated glucose utilization is essentially indepen dent of time, unlike that situation with previously proposed three-, four-, or five-parameter models (Newman et aI., 1988b; Schmidt et al., 1989) . This feature may enable easier comparison of data ob tained from experiments with different durations of isotope incubations. Finally, it was possible to use these types of analyses to establish that the error due to inaccuracies in the rate constants could be minimized for in vitro experiments by exposing the brain slices to radioisotope for 45 min and rinsing them in isotope-free buffer for 10 min. Therefore , it is recommended that these times be employed for fu ture experiments using brain slice glucose utiliza tion unless specific experimental goals require shorter or longer incubations. Under these optimal conditions, use of Eq. 9 reduces the summed abso lute errors of rate constants altered by 1 SE to 3.6%. This compares very favorably with the 28% error produced by Eq. 6 for similar errors in Ki , ki, and kj and underscores the power of the approach suggested by Sokoloff et aI. (1977) . The potential application of this new kinetic model to in vivo ex periments using ct data is complex and requires fu rther analysis.
APPENDIX
The biochemical model for the eight-parameter model is the same as for the nine-parameter model except that the dephosphorylation of 2DG6P is as sumed to occur as a single step and is represented by a single rate constant, k: . As in the main body of the text, constants without an asterisk refer to glu cose and those with an asterisk refer to 2DG.
The differential equations for this model are as follows: IE(i)( e"iTO -l ) e"i ll a6 IB(i)( e"iTO -1) e"i ll a� IM(i)( e"iTO -l ) e"i ll a;
IG(i)( e '!..;T o -l ) e "i ll
In the experiments reported in this article, To = 60 min. Further, as mentioned in the text, the fractions actually measured are (a: + a�) , which represents 2DG, 2DGIP, and UDP-2DG, a6 , which represents 2DG6P, and a; , which represents 2DG-Iabeled gly cogen and glycoproteins.
